-modulated gating (Schreiber and Salkoff, 1997) . tional changes to the permease's activity. Figure 1A ). This Maintenance of cytoplasmic potassium levels is a vital suggests KTN domains possess an ability to bind homeostatic function, critical for cell growth and sur-NAD(H) (Schlosser et al., 1993) that is not retained by vival. Potassium ions are used as a major solute to RCK domains. K ϩ uptake via the KTN-containing Trk control cellular osmolarity, maintain cytoplasmic pH, system in E. coli is closely linked with concurrent metabprovide counter charges for numerous metabolites, and olism beyond the simple requirement of energy for transtransmit information concerning the surrounding enviport (Rhoads and Epstein, 1977; Stewart et al., 1985) . ronment. In higher organisms, tight regulation of transThese experiments have usually been interpreted in membrane potassium flux has evolved as a means of terms of a dual requirement for both ATP and protonmoneuronal signaling for precise intercellular communicative force; however, they may also reflect changes in tion. Bacterial K ϩ transport systems and channels have the gating of transporters due to alterations in the NADH/ been most intensively characterized in E. coli and in-NAD ϩ ratio. More recently, significant progress has been clude several separately regulated uptake and efflux made in identifying the different subunits required for systems (Epstein, 1986 ). Constitutive uptake is effected Trk activity (Bossemeyer et al., 1989). However, the only primarily by Trk systems (Bossemeyer et al., 1989), while significant step toward an understanding of the gating efflux is mediated by a number of separate transport of these systems was the identification of NADH binding systems and channels, of which Kef systems are the by the TrkA protein (Schlosser et al.1993), which conbest characterized (Booth et al., 1996) . These systems tains two KTN domains. The ubiquitous distribution of are of medicinal interest, as they play central roles in these domains throughout a diverse range of K ϩ transthe survival of pathogenic microbes in hostile host enviport systems and their invariant physical proximity to ronments. Functional Trk systems have been shown to the base of the innermost pore-forming helices suggest be vital for Salmonella resistance to immune system that they play a central role in the regulation and coordidefense by antimicrobial peptides (Parra-Lopez et al. (Table 1 ). The strucat greater than equimolar amounts, from 1 to 10 mM . Consistent with the absence of a Rossman motif, sandwiched by three helices to either side. In each case this strongly suggests that RCK does not bind NAD(H), the C-terminal helix (␣6) is exchanged between the two although the existence of an alternative, chemically dissubunits of the dimer. As a result, the dimer appears to tinct ligand cannot be excluded. be tightly associated, with approximately 1500 Å 2 of Surprisingly, the nicotinamide ring is found in disburied surface area. However, the two constituent Rosstinctly different conformations between the two strucman folds are connected to one another only through tures. In the case of NAD ϩ in KTN Mja218, the nicotina narrow hinge region formed by the loops joining the amide ring is extended into the hinge region between C-terminal strands (␤6) to the swapped helices (␣6). monomers ( Figure 3C ), such that the tips of the two This hinged dimeric scaffold is also formed by the RCK ligands come into close proximity to one another, but domain of the E. coli K ϩ channel, Kch Eco417 (Jiang there is no clear coordination of the ring by the KTN et al., 2001) with homologous backbone atoms among protein atoms. In contrast, the nicotinamide ring of aligned monomers deviating less than 2.5 Å 2 between NADH in KTN Bsu222 is tucked into a hydrophilic pocket the three structures. Most importantly, the presence of created between the C-terminal ends of the fourth and canonical dimers in all five crystal forms implies that this fifth ␤ strands of the protein ( Figure 3D ). In this conforassembly is the building block for forming the distinct mation, the ring becomes coordinated between three backbone carbonyl groups ( Figure 3B ). This conformatetrameric state of the protein observed in solution. exposed positive charges as candidates that might ininteraction between them and R527E mediates channel activation. In contrast, E266R, which by itself fails to actiteract with the negatively charged regulatory loop to gate the transporter ( Figure 5B ). By mutating these vate substantially, combines synergistically with R527E to create a completely nonactivatable channel. These amino acids to serine individually and measuring the efflux activity of the resulting channels, we determined results strongly support that concurrent charge-charge interactions between R527 and both E262 and D264 that residue R527 alone was critical for activation, resulting in a 60% reduction in NEM-elicited K ϩ efflux. are structure specific and that these connections at the interface between KTN and the transmembrane doThis alteration of KefC regulation contrasts with control mutations to serine at six other surface-exposed argimain's regulatory loop are critical for ligand-mediated channel activation. Together with the observation that nine and lysine residues, all of which had negligible effects on KefC activation ( Figure 5C ). On mutation of the covalent linkage from the C terminus of the channel domain to the KTN domain can be as short as 12 amino R527 to glutamate, the channel also fails to activate significantly in response to electrophiles (Figures 5C and acids (19 in the case of KefC), a direct physical interaction between the loop and the KTN domain can be in-5D). This reinforces the conclusion that the loss of activity is not due to the introduction of a new amino acid, but ferred. Such physical contact provides a basis for direct conformational coupling between KTN and transmemis due to the absence of arginine at that position. The data implicate R527 as the key residue within KTN for brane gating components. activating the channel on proper stimulus. To locate the putative counterpart residue(s) in the regulatory loop, Discussion second site mutations were introduced to the R527E mutant channel, attempting to recover wild-type phenoHere we demonstrate that the cytoplasmic K ϩ flux regulatory domain, KTN, forms stable tetramers in solution types with reversed polarity in the interacting charges. Remarkably, the nonactivating mutant channel R527E in a ligand-dependent manner. Our structural results stipulate that KTN forms canonical hinged dimers that regains activity when paired with mutations of either E262R or D264R within the regulatory loop ( Figure 5D ). may further dimerize in a ligand-dependent manner through weakly interacting hydrophobic patches. These Individual mutants E262R and D264R possess virtually normal phenotypes, and thus we conclude that direct results are entirely consistent with the fact that the cyto- Assuming that the N termini of each monomer must be relatively equidistant from the membrane due to the constraints imposed by the covalent linkage between the transmembrane and KTN domains in potassium channels, a single orientation for the tetrameric KTN assembly with respect to the pore-forming domain emerges. Our tetrameric model abuts two closed-hinge dimers through their exposed nonpolar interfaces (Figure 6A) Throughout the purification, molar equivalents of ligand were presbearing plasmid (pSM12) were generated using the QuickChange protocol (Stratagene) and transformed into strain MJF276 for analyent in the buffers to maintain protein solubility. Selenomethioninelabeled protein was produced in amino acid-supplemented minimal sis as described previously (Miller et al., 1997). In brief, cells were grown in 120 mM K ϩ medium and harvested at an OD 650 ϭ 0.8-1.0. media (Doublie, 1997) . Pure protein was concentrated to 6-8 mg/ ml and dialyzed against 10 mM Tris-HCl (pH 8.0), 1 mM DTT, 1 mM Each 25 ml culture was filtered, washed with 10 mM K ϩ medium, and resuspended in 0 mM K ϩ medium. Samples were incubated in NAD(H). Crystals were grown at room temperature, except as noted, by the hanging-drop vapor-diffusion method against reservoirs cona stirred glass vessel at 37ЊC. Half of the culture sample was used as a control for spontaneous K ϩ loss, and 0.5 mM NEM was added taining the following chemicals: for KTN Mja218 (crystal form A), 200 mM magnesium formate, 75 mM ammonium citrate, 100 mM to the other half to activate the channel. Samples were removed at intervals and the retained cellular K ϩ content was measured by MES (pH 6.0); for KTN Mja218 (form B), 3%-7% Peg 8000, 100 mM PIPES (pH 6.5); for KTN Mja218 (form C), 110 mM ammonium sulfate, flame photometry (Corning 400) as described previously ( 
The primary difference between the KTN and RCK domain families is the conservation of a characteristic Introduction

Rossman fold motif (G-X-G-X-X-G) within KTN domains that is absent among RCK domains (
